When chick embryo cells were infected with Semliki Forest virus, six new proteins were formed. All six were first detectable 3 hr after infection and were present in the same proportions thereafter. Their distribution between different subcellular fractions was correlated with the presence of viral components in these fractions. Two of the proteins were identified as those of the complete virus particle; one was associated with the lipoprotein envelope and the other with the ribonucleoprotein core.
INTRODUCTION
Semliki Forest virus is a group A arthropod-borne virus, spherical in shape and approximately 700 to 800 .~ in diameter. It consists of a nucleoid 280 A in diameter, which contains the viral nucleic acid (Friedman & Berezesky, 1967) surrounded by a lipoprotein envelope (Acheson & Tamm, i967) . The virus contains a single molecule of single-stranded RNA of molecular weight approximately 3 x lO 6 daltons.
This paper reports investigations of the proteins synthesized in chick embryo cells following infection with Semliki Forest virus, and of the proteins contained in the viral particle. For the sake of convenience, the proteins synthesized in the infected cell will be referred to as induced proteins, although this is not to suggest that they are formed by a process involving derepression. A brief account of some of these results has previously been published (Burke et al. I967) . METHODS Materials. Actinomycin D was given by Merck, Sharp and Dohme Ltd. Ribonuclease was obtained from C. F. Boehringer u. Soehne, Mannheim, West Germany. Sodium dodecyl sulphate (specially pure grade) and caesium chloride (AR) were obtained from British Drug Houses, Poole, Dorset. Protamine sulphate (histone-free) was obtained from Sigma Ltd, London. Ether and phenol were freshly redistilled before use. [3H]-UTP (t-9 c/m-mole) was bought from Schwarz Bioresearch Inc., Orangeburg, New York; I2-2 and acrylamide, NN'-methylenebisacrylamide and NNN'N'-tetramethylethylenediamine from Eastman Kodak. Acrylamide and NN'-methylenebisacrylamide were recrystallized from chloroform and acetone respectively.
Media, cells and viruses. These were as previously described (Waiters, Burke & Skehel, 1967; Skehel & Burke, 1968) . The calf serum used in all pulse experiments was passed through a Sephadex G-5o column (Piez et al. 196o) to remove free amino acids.
Put,cation of SernliM Forest virus. This was based on the method of Cheng (1961) .
Virus-containing tissue fluids (about 5 x lO 8 p.f.u./ml.) were centrifuged for I hr at 5o,ooorev./min. and the pellet resuspended in cold o.osi-borate+o.I2M-NaC1, pH 9"o buffer with a Dounce homogenizer. Protamine sulphate (final concentrations 2 mg./ml.) was added, and after 3o min. was removed by centrifugation at 3ooo rev./ min. for IO min. The suspension was further clarified by centrifuging at IO,OOO rev./ min. for 3o mill., and the virus was deposited by centrifugation at 5o,ooo rev./min, for I hr, resuspended in borate saline and stored at -7 o°. For some purposes virus was further purified by repeated cycles of high-and low-speed centrifugation as described in the text.
[3H]valine-labeUed virus was prepared by infection of chick cell monolayers I to 5 p.f.u./cell) for t hr at 37 ° followed by washing and incubation in maintenance medium containing [SH]valine (IO/,c/ml.).
[3H]uridine-labeUed virus was prepared in a similar fashion except that actinomycin D (o'5/*g./ml.) was present in the virus inocula and the incubation medium which contained the radio-isotope (IO/,c/ml. /ml, valine) and once with ice-cold hypotonic buffer (IO-aM-tris+HC1 pH 8"3, Io-aM-MgCI~, I'4 x io-2i-mercaptoethanol). All following operations were performed at 4 °. The ceils were scraped from the glass, infected and uninfected cells mixed and suspended in 1.5 ml. of the hypotonic buffer. They were then ruptured in a Dounce homogenizer to give maximum breakage of cells without damaging the nuclei as judged by microscopic examination. Nuclei and cell debris were removed by centrifugation at 6oo g for 5 min., and the supernatant fraction was then centrifuged at 45,ooo g for IO min., before a final centrifugation at 27o,ooo g for 2o rain. The three pellets and the final supernatant fraction were retained for analysis. The pellets were suspended in hypotonic buffer at a protein concentration of approximately 2 mg./ml, and the proteins extracted by the method of Summers, Maizel & Darnell (I965). The resulting protein solutions were made 5 % with respect to sucrose and clarified by centrifugation at 2ooo rev./min, for 3o min. The protein components of purified Semliki Forest virus were solubilized by the same procedure. Proteins formed following virus infection I77 buffer was oq M-sodium phosphate pH7.4+oq% sodium dodecyl sulphate. The gels were pre-run at room temperature for 4 to 5 hr at a constant voltage of 3 v/cm. and 3"5 mA/gel. Protein samples for analysis (ioo to 2oo#g. protein, 5% with respect to sucrose) were electrophoresed for io½ hr at 3 v]cm. and 3"5 mA/gel. A bromophenol blue marker was used to indicate the progress of electrophoresis.
After electrophoresis the gels were frozen briefly at -70o and sectioned manually using thin razor blades and two fine-tooth nylon combs bolted together. The sections (0-9 mm. thick) were dissolved in o.I ml. Ioo vol. H2Oz at 5 °0 in scintillation vials, and Io ml. of gel scintillation mixture added (Skehel et al. I967) . The radioactivity due to aH and 14C in the samples was determined using a channels-ratio method (Hendler, I964) at etficiencies of I7 and 8I % respectively. The uniform size of the gel slices was checked by polymerizing [3H]valine-labelled protein in a gel and then measuring the radioactivity of the slices without electrophoresis. There was little difference in the radioactivity of successive fractions.
The establishment of the protein nature of the radioactive peaks obtained by polyacrylamide gel electrophoresis. After electrophoresis polyacrylamide gels were successively washed with 3 × I5 ml. ice-cold 5% trichloracetic acid for 2 hr and for I8 hr; 3 x Io ml. 5% trichloracetic acid at 80 ° for 30 min.; z x Io ml. ethanol for 30 min.; z x Io ml. ethanol + ether (3 : i, v/v) for 30 min.; I x Io ml. ether for 60 min.; and finally with 5 % trichloracetic acid for I8 hr. The electrophoretic patterns for virus-induced proteins and viral proteins were unaffected by this washing treatment, indicating the protein nature of the radioactive peaks.
Caesium chloride density gradient centrifugation. Purified virus in borate salinepH 9.0 was mixed with caesium chloride in the same buffer and adjusted to ~5 = I'356I (density 1.23 g./cm.3; Ifft, Voet & Vinograd, I96I). The mixture was centrifuged at 35,000 rev./min, for I6 hr. and fractions collected from the bottom of the tube.
Electron microscopy. Pellets obtained by centrifugal fractionation of the infected cells were prepared as described by Friedman & Berezesky 0967). Negative staining was by the method of Acheson & Tamm (I967). Specimens were examined in an A.E.I. EM6 electron microscope.
RESULTS

Virus-induced proteins in infected cells
The synthesis of virus-induced proteins in Semliki Forest virus-infected cells could readily be detected by using the double-labelling method described in the Methods section. The protein components of various cell fractions were extracted at different times after virus infection (Fig. I, 2) . Six virus-induced proteins were reproducibly detected at fractions 5, I7, 22, 3 o, 38 and 5o. The peaks at fractions 38 and 50 were much less prominent than the rest. Similar results were obtained using either radioactive phenylalanine, lysine, leucine or histidine in place of valine. Moreover, similar results were obtained when cells treated with 0"5 #g./ml. actinomycin D for 4 hr before infection were pulse-labelled with radioactive valine and fractionated in the same way, which indicated that synthesis of the induced proteins was directed by the virus and not by the host cell as a consequence of virus infection.
The various fractions obtained from the infected-cell homogenates were examined It was not possible, however, to identify the induced polymerase with any of the induced proteins observed following electrophoresis, since all induced proteins were first observed at the same time and since no attempt was made to detect enzyme activity in the protein components after electrophoresis. The 27o,ooo g pellet predominantly consisted of ribosome-like particles about 150 ~, in diameter (P1. I, fig. 3 ). However, numerous nucleoids were visible; and, since this fraction, while containing all the induced proteins, was considerably enriched in the fraction-3o protein isolated by electrophoresis, this protein may have been associated with the nucleoid structures. Very little virus-specific material was detectable in the supernatant fraction, apart from the protein at fraction 5-No information could be obtained on the nature of the induced proteins from an analysis of the times after infection at which they were synthesized since all of the proteins were observed in similar proportions at all times investigated after 3 hr of infection.
Structural proteins of Semliki Forest virus
To identify which induced proteins corresponded to the structural proteins of the virus, the proteins contained in purified virus were analysed. The purity of the virus was established by caesium chloride density gradient centrifugation of virus labelled Fraction no. with [ZH]valine and [3H]uridine, which showed that substantially all the radioactivity was associated with viral material (Fig. 4 below) . Sucrose density gradient centrifugation gave a similar result. Electron microscopy of the purified virus revealed particles with a diameter of 65o A, including a border of radial projections about 80 ~, long (P1. 2, fig. 4 
Proteins formed following virus infection I8[
The components of the purified virus were solubilized and fractionated by polyacrylamide electrophoresis. Only two radioactive components were observed following electrophoresis of the proteins extracted from [3H]valine-labelled virus (Fig. 3) . The ratio of the radioactive counts was 4"2: I. Staining with arnido black revealed these two components, which were present in the ratio of 3: I (based on the stainingintensity), and a third non-radioactive protein (P1. 2, fig. 5 ).
The proteins which were radioactively labelled had the same electrophoretic mobilities as the two major induced proteins observed in infected cell fractions. By comparing the mobilities on polyacrylamide electrophoresis of these two proteins with those of ovalbumin, trypsin and bovine plasma albumin under the same conditions, it was estimated that their molecular weights were of the order of 5o,ooo and 35,000. The identity of the peak of least mobility visualized by amido black staining is unknown. Its mobility did not correspond to that of any of the virus proteins and it is unlikely that, under the conditions of ~H-valine-labelled virus preparation, either host cell or virus proteins would have been unlabelled on isolation. It may be a nonviral impurity present either in the crude virus preparation or in the protamine sulphate used in the purification procedure.
Further information concerning the virus structural proteins was obtained by Stoller, Stevens & Schlesinger, 1966) . When virus labelled with either [aI-I]vafine or [3H]uridine was fractionated in this way two peaks of haemagglutinating activity were observed (Fig. 4) . The denser component (p = v25) contained both labelled valine and uridine and had an infectivity:haemagglutination ratio of Io 3'e. The less dense component (p = 1.2I) contained only labelled valine and had a much smaller infectivity:haemagglutination ratio of about IO 2°. This batch of virus had an infectivity:haemagglutination ratio of lO 5.0 before centrifugation in caesium chloride. Loss of infectivity of other arboviruses on centrifugation in caesium chloride has previously been reported (Stoller et al. I966) . Electrophoresis of the proteins extracted from the two haemagglutinating components showed that the infectious particle (p = 1-25) contained both virus structural proteins, the ratio of radioactive counts being 4-3:I, while the non-infectious particle (p = 1-21) contained only one (Fig. 5 )-It was concluded that the protein common to both components was associated with the virus haemagglutinating activity. Examination of the CsC1 fractions with the electron microscope has shown that the infectious particle fraction consisted of intact virus particles, while P. M. Osterrieth (personal communication) has found that the less dense haemagglutinating fraction contained empty virus envelopes.
Further evidence was obtained, therefore, suggesting that the protein of fraction 30 on polyacrylamide electrophoretograms was associated with the internal virus nucleoid.
DISCUSSION
Using the double-labelling method described, six virus-induced proteins were clearly and reproducibly observed in subcellular fractions of Semliki Forest virusinfected chick cells. Identical patterns were observed in fractions obtained from actinomycin-treated infected cells, indicating that none of the induced proteins was formed as a result of derepression of the host genome. The method used does not IP: 54.70.40.11
On: Wed, 05 Dec 2018 12:41:41 Proteins formed following virus infection I83 allow distinction between proteins directed by the virus in the course of replication, and host proteins whose synthesis may be selectively stimulated as a result of virus infection. However, the formation of six proteins is theoretically within the coding capacity of the viral genome (cf. Summers et aL I965), while .the number of proteins detectable both in the purified virion and in infected cell fractions is a reflexion of the sensitivity of the technique, and as a consequence is a minimum value. Of the six proteins two have been shown to be structural proteins of the virus. Electron microscopic observations of the isolated cell fractions, and the properties of the individual components isolated by CsC1 density gradient centrifugation of purified virus preparations suggest that one of these proteins is associated with the nucleoid structure, which is essentially a ribonucleoprotein, and that the other is associated with the haemagglutinating component of the virus, the envelope. Examination of the protein component of the regular, spherical nucleoids isolated from virus-infected cells has confirmed the former suggestion (in preparation). Previous work on the replication of Semliki Forest virus and other arboviruses has indicated that final assembly of the virus particles occurs at the cell membrane (Morgan, Howe & Rose, 1961; Pfefferkorn & Clifford, 1964; Acheson & Tamm, 1967; Higashi et al. I967) , and it has been suggested that modified components of the host cell membrane are incorporated into the released virus particles (cf. Duc-Nguyen, Rose & Morgan (1966) for a similar situation in influenza-virus-infected cells). The present observations indicate that intact virus particles contain only two protein components, one of which is associated with the external envelope and which may be lipoprotein in nature. It is possible that this protein is formed by stimulation of the synthesis of a specific protein component of the host cell membrane and selective incorporation into virus particles, although it is then difficult to account for the antigenic determinants of the virus which are present in the envelope. The synthesis of this protein is therefore probably virus-directed, and since it is likely that all proteins of the host cell membrane would become radioactively labelled during the preparation of labelled virus, it is concluded that the proteins of the cell membrane do not contribute to the structural proteins of the virus. 
